Eukaryotic organisms activate conserved signalling networks to maintain genomic stability in response to DNA genotoxic stresses. However, the coordination of this response pathway in fungal pathogens remains largely unknown. In the present study, we investigated the mechanism by which the northern corn leaf blight pathogen Setosphaeria turcica controls maize infection and activates self-protection pathways in response to DNA genotoxic insults. Appressorium-mediated maize infection by S. turcica was blocked by the S-phase checkpoint. This repression was dependent on the checkpoint central kinase Ataxia Telangiectasia and Rad3 related (ATR), as inhibition of ATR activity or knockdown of the ATR gene recovered appressorium formation in the presence of genotoxic reagents. ATR promoted melanin biosynthesis in S. turcica as a defence response to stress. The melanin biosynthesis genes StPKS and StLac2 were induced by the ATR-mediated S-phase checkpoint. The responses to DNA genotoxic stress were conserved in a wide range of phytopathogenic fungi, including Cochliobolus heterostrophus, Cochliobolus carbonum, Alternaria solani, and Alternaria kikuchiana, which are known causal agents for plant diseases. We propose that in response to genotoxic stress, phytopathogenic fungi including S. turcica activate an ATR-dependent pathway to suppress appressorium-mediated infection and induce melanin-related self-protection in addition to conserved responses in eukaryotes. K E Y W O R D S appressorium, fungal pathogen, Setosphaeria turcica, S-phase checkpoint, StATR
the pathogen infection cycle (Zhang et al., 2012; Gu et al., 2014) .
S. turcica has emerged as a significant global maize foliar pathogen and causal agent of NCLB, but the regulation of appressoriummediated infection remains largely unknown.
In previous work, we demonstrated that appressorium-mediated infection is regulated by the cyclic AMP and mitogen activated protein kinase signalling pathways under suitable conditions in S. turcica, which indicates a positive interaction between environmental signals and appressorium development (Zhang et al., 2012; Shen et al., 2013; Gu et al., 2014) . However, phytopathogenic fungi are frequently challenged by environmental genotoxic stresses that cause DNA damage or interfere with DNA replication. Under these conditions, the maintenance of genome integrity is critical for species duplication, whereas infecting the host remains an essential solution for vegetative reproduction. Whether S. turcica has developed strategies to maintain the balance between self-duplication and maize infection in the presence of environmental genotoxic stresses remains unknown.
Endogenous and exogenous genotoxins can cause mutations and genomic instability in fungal pathogens that lead to hypervirulence and resistance to pesticides (Jung et al., 2019) . Study of the basidiomycetous fungus Cryptococcus neoformans provides insight into human fungal DNA damage networks in pathogenesis and antifungal drug susceptibility (Jung et al., 2019) . However, less is reported about the role of genotoxins in plant fungal pathogenicity and the response of plant pathogens to genotoxic stresses. A recent study of the rice blast fungus Magnaporthe oryzae reported that initial formation of appressoria on the rice leaf surface is inhibited in response to environmental genotoxic stress caused by DNA replication inhibitor hydroxyurea (HU) and the alkylating agent methyl methane-sulfonate (MMS) . This regulation requires an S-phase checkpoint that acts through the DNA damage response (DDR) pathway, involving the Cds1 kinase .
The backbone elements and pathways that constitute the DDR pathway are well understood in the yeasts Saccharomyces cerevisiae and Schizosaccharomyces pombe, and were recently characterized in model phytopathogenic fungi such as M. oryzae and Ustilago maydis (Perez-Martin, 2009; Perez-Martin and de Sena-Tomas, 2011; Tenorio-Gomez et al., 2015; . These studies indicated that the pathway is highly conserved in the eukaryotic kingdom. In response to genotoxic stresses, eukaryotic organisms activate a crucial and conserved surveillance mechanism called the S-phase checkpoint that preserves genome integrity and cell viability. The S-phase checkpoint response mediated by ATM/ATR (Ataxia Telangiectasia Mutated/Ataxia Telangiectasia and Rad3 related) kinases includes the stabilization of stalled replisomes, preventing entry of cells into mitosis, and activation of a transcriptional response characterized by the induction of DNA repair genes to counteract the stress (Huang et al., 1998; Abraham, 2001; McGowan and Russell, 2004; Jaehnig et al., 2013) . In addition, the S-phase checkpoint is involved in cell differentiation (Sherman et al., 2011) .
In the present study, we investigated strategies developed by the maize fungal pathogen S. turcica in response to environmental genotoxic stress besides the conserved responses aimed at protecting genome integrity. We investigated whether S. turcica continues to form appressoria for plant infection or whether it inhibits their formation to protect itself. The results showed that S. turcica blocks appressorium development and subsequent maize infection in the presence of DNA genotoxic insults. This regulatory mechanism requires the S-phase checkpoint and the checkpoint effector kinase ATR. Inhibition of ATR activity or knockdown of the ATR gene led to recovery of appressorium formation in the presence of genotoxic stress. In addition, S. turcica up-regulated the ATRdependent biosynthesis of melanin as a defence response against genotoxic stress. We found that the response strategies to genotoxic stress are conserved in a wide range of phytopathogenic fungi, including Cochliobolus heterostrophus, Cochliobolus carbonum, Alternaria solani, and Alternaria kikuchiana. We propose that certain phytopathogenic fungi activate self-protection responses by increasing ATR-dependent melanin production and inhibiting appressorium-mediated infection as specific responses separate from conserved mechanisms.
| RE SULTS

| Appressorium-mediated maize infection by S. turcica is impaired on genotoxic stress
In our previous screening of new fungicides to block maize infection by S. turcica, we found that compounds known to affect DNA metabolism exhibited promising activity (unpublished data). To explore the underlying mechanism, we selected different DNA genotoxic reagents including HU, MMS, and camptothecin (CPT) to reproduce the observations. Equal amounts of conidial suspension were placed on the fifth leaves of maize seedlings followed by the indicated treatment. Early blight lesions appeared on the leaves inoculated with S. turcica spores at 4 days post-inoculation. The three different genotoxic reagents, HU, MMS, and CPT, could significantly decrease the number of early blight lesions formed on the leaves inoculated with the same amount of spores (Figure 1a ,b). The process of formation of early blight lesions on the leaves treated with or without HU was monitored using microscopic observations. As shown in Figure 1c , S. turcica conidia germinated and developed appressoria on the leaves in the absence of the DNA replication inhibitor HU, whereas exposure to HU resulted in the formation of undifferentiated germ tubes (Figure 1c,d) .
To further analyse the HU-induced inhibition of appressorium formation, we germinated conidia on cellophane in the presence of a genotoxic reagent. Consistent with the observations on leaves, all compounds completely blocked appressorium formation on cellophane (Figure 1e ,f). However, exposure to the genotoxic reagent did not inhibit the elongation of germ tubes (Figure 1g ), indicating that the block was specific against the initiation of appressoria in response to the DNA genotoxic reagent. In a previous study, we showed that the mycelium of S. turcica could also develop appressoria and subsequently infect maize leaves (Zhang et al., 2012) . To examine the effect of the genotoxic reagent on appressorium formation from the mycelium and monitor the infection, we repeated the experiments using mycelium in the presence of HU. The results confirmed that HU exposure blocked the development of appressoria on cellophane and the subsequent maize infection by mycelia as well as by conidia spores ( Figure S1 ).
| Inhibition of appressorium development on genotoxic stress requires S-phase checkpoint activation
The reagents used to block the formation of appressoria in S. turcica are known to generate three different types of genotoxic stresses. HU is an inhibitor of dNTP synthesis that can cause DNA replication stress.
MMS causes DNA methylation damage, and CPT, a topoisomerase I poison, generates single-strand breaks on DNA. In eukaryotic cells, DNA replication stress or DNA damage caused by these reagents activates a crucial surveillance mechanism called the S-phase checkpoint.
We first analysed the transcript levels of a series of known checkpoint-induced DNA repair genes in response to HU treatment in S. turcica. All the conserved genes tested were dramatically up-regulated in response to HU treatment (Figure 2a ), indicating that appressorium inhibition by HU was accompanied by S-phase checkpoint activation. To investigate whether inhibition of appressorium development under genotoxic stress requires the S-phase checkpoint, StATR kinase, the enzyme at the apex of the S-phase checkpoint pathway, was inhibited with caffeine (CAF) (Sarkaria et al., 1999) . We germinated conidia on cellophane and tracked the formation of appressoria under the indicated treatment. As shown in Figure 2b ,c, inhibition of the S-phase checkpoint with CAF caused recovery of germinated conidia from HU-induced inhibition and the initiation of proper appressorium development.
The S-phase checkpoint activates a transcriptional response characterized by the induction of ribonucleotide reductase (RNR) genes to counteract the stress (Huang et al., 1998; Klinkenberg et al., 2006) .
We therefore chose the RNR1 subunit to probe the activity of the S-phase checkpoint under different conditions. As shown in Figure 2d , the mRNA transcription of StRNR1 was induced on HU treatment, whereas the HU-induced up-regulation of StRNR1 was inhibited in the presence of CAF, the S-phase checkpoint inhibitor. These results demonstrate that inhibition of appressorium development on genotoxic stress requires activation of the S-phase checkpoint, and that the function of the key effector kinase ATR in genotoxic stress response signalling might be evolutionarily conserved.
| ATR-dependent S-phase checkpoint impairs appressorium initiation in S. turcica
In the yeast model (S. cerevisiae), DNA replication stress or DNA damage activates the central transducer protein kinase Mec1 (ATR/ATM in humans), which in turn activates the effector protein kinases Rad53 and Chk1 (Chk2 in humans) (Huang et al., 1998; Klinkenberg et al., 2006) . ATR kinases are evolutionarily conserved among eukaryotic species. The serine/threonine kinase StATR in S. turcica showed 60% amino acid sequence similarity to M. oryzae MoATR and 45% similarity to S. cerevisiae ScMec1 ( Figure S2 ). Mec1 in S. cerevisiae is essential for cell viability, and deletion of the Mec1 gene is lethal. We therefore generated StATR RNA interference (RNAi) mutants instead of deletion mutants to determine whether checkpoint StATR is crucial for blocking appressorium initiation in response to genotoxic stress.
We constructed two RNAi plasmids designed to generate siRNAs in cells targeting two different sites of the StATR gene ( Figure 3a ).
We obtained two stable transformants (RNAi#21 and RNAi#40) that were both derived from the wild-type 01-23 strain but had different siRNA target sites. StATR knockdown mutants RNAi#21 and RNAi#40 were selected for further functional analysis because both these mutants showed stable silencing of the StATR gene although to different extents. Real-time quantitative PCR (qPCR) analysis showed that the StATR gene silencing efficiency of RNAi#21 and RNAi#40 relative to the wild-type strain was 35% and 85%, respectively ( Figure 3b ). Both mutants exhibited increased susceptibility to HU (Figure 3c ), indicating that StATR plays critical roles in the response and adaptation to DNA genotoxic stress in S. turcica.
We next investigated whether the kinase StATR is critical for inhibition of appressorium development under genotoxic stress.
Conidia from the wild-type strain and StATR RNAi mutants were induced to form germ tubes on cellophane, and the formation of appressoria in the presence or absence of HU was monitored. As shown in Figure 3d ,e, HU blocked appressorium formation in the wild-type strain. However, the inhibition of appressorium development was restored in StATR knockdown mutants, which is in agreement with the results using CAF in Figure 2b . Taken together, these results demonstrate that the central checkpoint kinase StATR is critical for blocking appressorium initiation on genotoxic stress.
| StATR increases melanin biosynthesis as a defence response to genotoxic stress
HU-induced DNA genotoxic stress caused a dramatic accumulation of melanin in a dose-dependent manner (Figure 4a ). The increase in melanin production was dependent on the StATR-mediated S-phase checkpoint, as demonstrated by inhibition of ATR activity by CAF or F I G U R E 1 Genotoxic reagents block appressorium-mediated plant infection by Setosphaeria turcica. (a) Effect of genotoxic reagent treatment on the formation of early blight lesions by S. turcica. Conidial suspensions mixed with 80 mM hydroxyurea (HU), 0.025% methyl methane-sulfonate (MMS), or 20 μg/ml camptothecin (CPT) were spread on the fifth leaf of maize B73 seedlings, and results were scored at 4 days post-inoculation. (b) The bar chart shows the frequency of early blight lesion formation per cm 2 of leaves inoculated with S. turcica after exposure to the indicated genotoxic reagent. ***p < .001 (n = 3 independent replicates). (c) Micrographs of a maize leaf inoculated with conidia spores show the effect of HU treatment on the formation of appressoria (scale bar, 10 μm). (d) The bar chart shows the frequency of germling and appressorium formation on the leaf after exposure to HU. ***p < .001 (n = 3 independent replicates; spores observed = 50). (e) Micrographs showing germling and appressorium formation following exposure to the indicated genotoxic reagent. The conidial suspension was incubated on cellophane at 25 °C in the dark. The indicated reagent was added at 1 hour post-inoculation (hpi) and observed at 12 hpi under a microscope. a, appressorium; ap, appressorium pore; t, the tip of the germ tube. (f) The bar chart shows the frequency of germling and appressorium formation on cellophane after exposure to the indicated genotoxic reagent. ***p < .001 (n = 3 independent replicates; spores observed = 100). (g) Scatter dot plot showing the length of germlings after exposure to the indicated genotoxic reagent. *p < .05 (spores observed = 100) knockdown of StATR, which significantly impaired melanin accumulation ( Figure 4b ).
We previously showed that the pathogenesis of S. turcica is positively correlated with the biosynthesis of melanin (Zhang et al., 2012; Shen et al., 2013; Ma et al., 2017) . This is because the development of a thick melanin layer in the appressorium dome is essential for the generation of high turgor pressure (Howard and Valent, 1996) .
However, this does not explain the accumulation of melanin in response to genotoxic stress because appressorium initiation was dramatically blocked in response to exposure to HU (Figures 1c,f and S1a).
Melanin accumulation is a sign for appressorium maturation, but we did not observe a thicker layer of melanin at the germ tube tip, where appressorium formation was blocked on HU treatment ( Figure 4c ). Although appressorium formation was restored in StATR RNAi mutants in the presence of HU, the appressoria were not more melanized than the germ tube and even less-melanized compared to the wild-type strain (Figure 4c ). In addition, appressoria of StATR RNAi mutants were not properly developed, and defective in penetrating the cellophane and maize leaf infection ( Figures S3 and S4 ).
We speculated that accumulation of melanin at this condition might be a defence response to the stress. A recent study reported that melanin production induced on oxidative stress by Rad53 and Chk1, which are kinases downstream of ATR, had antioxidant activity in the human fungal pathogen C. neoformans (Jung et al., 2019) .
To test whether ATR-dependent accumulation of melanin is a defence response against genotoxic stress, we used tricyclazole (5-methyl-1,2,4-triazolbenzothiazole, TCZ), a specific inhibitor of 1,8-dihydroxynaphthalene (DHN)-melanin biosynthesis (Ten et al., 1983) , to inhibit the accumulation of melanin in the presence of DNA genotoxic stress. The growth of S. turcica on potato dextrose agar (PDA) plates containing TCZ and exposed to genotoxic pressure was assessed by measuring colony size. Inhibition of melanin production by TCZ increased the susceptibility of S. turcica to HU-induced genotoxic stress (Figure 4d ). The result was more dramatic when the experiment was repeated using ultraviolet (UV) light to induce DNA damage ( Figure 4d ). The size of colonies was measured at the indicated times and under different treatments. The quantitative data strongly supported that ATR-mediated melanin accumulation is a defence response to genotoxic stress for self-protection ( Figure 4e ).
| The transcription factor StMbp1 targets the StPKS gene for melanin induction
Melanin in S. turcica is synthesized through the DHN-melanin pathway (Ma et al., 2017) . Figure 5a The ATR-mediated S-phase checkpoint triggers a massive transcriptional response to genotoxic stress in S. cerevisiae. The ATR downstream kinase Rad53 inactivates Nrm1, which suppresses Mlu1-binding factor (MBF)-dependent transcription, in response to DNA replication stress (de Bruin et al., 2008; Travesa et al., 2012) . We therefore explored whether StPKS and/or StLac2 was under MBF transcriptional regulation. Mbp1 is a conserved and essential DNA-binding component of MBF (Breeden, 1996) . Mbp1 recognizes the Mlu1 cell cycle box (MCB) sequence 5′-CGCG-3′ in S. cerevisiae (Koch et al., 1993) .
To test this possibility, we searched for the consensus motif sequences in the promoter regions of StPKS and StLac2. The 5′-CGCG-3′ motif was detected in the StPKS promoter with four hits (Figure 5c ), whereas it was not detected in the StLac2 promoter, indicating a putative interaction between StMpb1 and the StPKS promoter. We then performed an electrophoretic mobility-shift assay, and expressed and purified the glutathione S-transferase (GST)-StMpb1 recombinant protein from Escherichia coli (Figure 5d ). The GST-StMpb1 fusion protein was able to bind to the promoter DNA containing the CGCG motif. Furthermore, increasing the concentration of the GST-Mbp1 protein in the binding reaction enhanced the smear and shift bands (Figure 5d ), indicating a physical interaction between GST-Mbp1 and the StPKS promoter in vitro.
The interaction was confirmed using a yeast one-hybrid assay, which showed that the effector StMbp1-AD significantly activated aureobasidin A (AbA) resistance in the StPKS promoter DNA reporter ( Figure 5e ). These results suggested that StMbp1 physically interacted with the StPKS promoter. Moreover, the upstream pathway of Mbp1 involving the interactions between Cds1, Nrm1, and Mbp1 was analysed.
First, StNrm1 was captured in a GST pull-down assay for StMbp1 interaction proteins analysis (Figure 5f ) and this physical interaction was further confirmed using a yeast two-hybrid assay (Figure 5g ). Second, the interaction between StNrm1 and the StATR downstream kinase StCds1 was also detected in the yeast two-hybrid assay (Figure 5h ). In addition, we confirmed that StMbp1 could physically interact with the 112 residues at the N-terminus of StNrm1 (StNrm1ΔC) by using an in vitro protein-binding assay (Figure 5i ), which is similar to model yeast.
These results suggest that StATR-induced up-regulation of StPKS is mediated by a conserved signalling cascade as in S. cerevisiae (Figure 5j ).
| The response strategies to genotoxic stress are conserved among a wide range of phytopathogenic fungi
In the present study, we showed that the NCLB fungal pathogen S. turcica activated ATR to block appressorium-mediated maize infection and promote melanin biosynthesis in response to environmental genotoxic stress. We next investigated whether the responses activated by S. turcica are evolutionarily conserved among phytopathogenic fungi.
We selected four fungal pathogens for a simple test, including . kikuchiana (d, h) . Spores from the indicated strains were treated with/without 80 mM HU, and the formation of appressoria was observed at 12 hours post-inoculation (hpi, C. heterostrophus and C. carbonum) or 24 hpi (A. solani and A. kikuchiana). Mycelia of C. heterostrophus, C. carbonum, and A. kikuchiana treated with 10 mM HU were extracted for melanin quantification (A. solani with 5 mM). Scale bars in (a) to (d), 10 μm. **p < .005 (n = 3 independent replicates) suggest that the inhibition of appressorium formation and melanin accumulation in the presence of genotoxic stress are universal responses in a wide range of phytopathogenic fungi.
| D ISCUSS I ON
In this study, we investigated the mechanism by which the NCLB pathogen S. turcica regulates maize infection and triggers a selfprotective response to DNA genotoxic insults. Living organisms are under constant pressure by endogenous and exogenous agents that cause DNA damage or interfere with DNA replication, which are globally termed genotoxic stresses (McGowan and Russell, 2004) . In response to genotoxic stress, cells activate a crucial surveillance mechanism, the S-phase checkpoint, to counteract the insult. Little is known about the specific responses of phytopathogenic fungi to DNA genotoxic stress, and even the conserved responses between eukaryotes and pathogenic fungi are largely unknown. We showed that the fungal pathogen S. turcica activated the S-phase checkpoint kinase StATR to block maize infection on genotoxic stress by inhibiting appressorium formation ( Figure 7) . This regulatory mechanism is specific to pathogenic fungi that develop appressoria, and is therefore not observed in model yeast studies because of the absence of the appressorium structure.
Many fungal pathogens infect plants using a specialized structure called the appressorium. In these fungi, conidia attach to the host tissue surface and the tip of the germ tube forms a domeshaped appressorium (Figure 7) . This generates sufficient turgor and physical force for adsorption onto the surface to produce invasive nails. If this process is blocked, infection of the host plant does not occur. The rice blast fungus M. oryzae, a model fungal pathogen, develops a typical dome-shaped appressorium for infection. Recent work from Talbot's group demonstrated that appressorium initiation on the rice leaf surface requires the Cds1 regulated S-phase checkpoint . Their work revealed, for the first time in phytopathogenic fungi, the mechanism underlying the role of the S-phase checkpoint signalling cascade in pathogenicity.
In the present study, we showed that four phytopathogenic fungi, C. heterostrophus, C. carbonum, A. solani, and A. kikuchiana, activated a similar response to that of S. turcica and M. oryzae regarding the repression of appressorium formation in response to stress. Taken together, these results suggest that phytopathogenic fungi with appressoria share a conserved mechanism for blocking host infection through the S-phase checkpoint on exposure to genotoxic stress.
The S-phase checkpoint signalling pathway mediated by PI3K-like kinases is well conserved among eukaryotes; however, little is known about the response in phytopathogenic fungi. We identified StATR, a PI3K-like kinase, in S. turcica that is required for stress-induced appressorium suppression.
F I G U R E 7
Working model of ATR-mediated genotoxic stress responses. Similar to model yeasts, genes in the response pathways for DNA repair, replication fork stabilization and cell cycle arrest are transcriptionally up-regulated under genotoxic stress. In addition to the more conserved responses in eukaryotes, pathogenic fungi activate the S-phase checkpoint effector ATR and suppress plant infection by blocking the development of appressoria. In parallel, cells trigger serial self-protection strategies including PKS-mediated melanin biosynthesis
The ATR kinase increased melanin production in response to DNA replication stress induced by HU. This regulatory mechanism is conserved in melanized phytopathogenic fungi including C. heterostrophus, C. carbonum, A. solani, and A. kikuchiana . We propose that stress-induced accumulation of melanin is a defence response for self-protection (Figure 7) . Melanin produced by pathogenic fungi is not essential for viability under standard conditions;
however, it has a protective function in stressful environments, in which it contributes to survival (Jacobson, 2000) . We demonstrated that two critical enzymes in the DHN-melanin biosynthesis pathway, StPKS and StLac2, were responsible for the increased melanin production on HU treatment. In addition, the promoter of StPKS containing four consensus 5′-CGCG-3′ motifs can be targeted by MBF, which is a downstream transcription factor of the ATR signalling pathway. We thus identified StPKS as a new target in the ATR-mediated S-phase checkpoint. We recently reported that StLac2 is crucial for DHN-melanin synthesis and the pathogenicity of S. turcica (Ma et al., 2017) . However, in the present work, we did not find evidence of ATR-dependent regulation of StLac2.
The promoter region of StLac2 does not contain a motif for Mpb1 binding, indicating that it might not be regulated by MBF in the ATR cascade. As part of the S-phase checkpoint response, ATR induces several gene expression programmes in yeast, including transcriptional responses by the downstream kinase Dun1 among others (Jaehnig et al., 2013) . Future work will further investigate the regulation of StLac2 transcriptional induction.
In addition to the two novel responses to genotoxic stress described herein, conserved responses of eukaryotes were also observed in S. turcica (Figure 2a) . At the transcript level, we observed robust induction of typical DNA damage response genes, including the endonuclease genes SLX4 and RAD13. The 5′ to 3′ exonuclease gene FEN1 and the nucleolar DNA helicase gene RECQ were also induced on HU treatment, and are essential for replication fork stability in yeast cells (Bachrati and Hickson, 2008) . CDC18, which is responsible for cell cycle transition, was also up-regulated on replication stress. One of the best characterized responses of yeast to genotoxic stress is increased RNR transcription (Huang et al., 1998; Klinkenberg et al., 2006) . We observed inducible expression of the StRNR1 gene in response to stress, and found that the regulation was dependent on StATR, consistent with the response in the budding yeast S. cerevisae.
The present findings suggest that responses reported in model yeast studies are evolutionarily conserved in S. turcica (e.g. DNA repair induction, replication fork stabilization and cell cycle arrest; Figure 7) . Future work will be aimed at identifying the central ATR-Cds1 signalling cascade, specifically the identification of particular branches of the ATR-mediated S-phase checkpoint in S. turcica.
In the present study, we observed drug synergism between DNA genotoxic reagents and TCZ. TCZ is one of the most effective fungicides widely used for foliar disease management in the field (Butler et al., 2005; Kunova et al., 2013; Kumar et al., 2015) . We propose that the ATR-dependent signalling cascade activated in response to genotoxic stress could be used to develop novel fungicides, particularly for combination therapy with TCZ. However, ATR and other conserved genes in the cascade may not serve as direct antifungal drug targets because of their structural conservation ( Figure S2 ).
Downstream genes that control stress-induced inhibition of ap-
pressorium-mediated infection and melanin accumulation would be promising targets. Further studies will focus on screening ATR downstream targets that play roles in appressorium regulation and melanin synthesis. StATR RNAi#40) were grown on PDA (20% potato, 2% glucose, and 1.5% agar) at 25 °C. Growth and storage of S. turcica strains were performed using standard procedures, as described previously (Shen et al., 2013; Liu et al., 2019) .
| E XPERIMENTAL
C. heterostrophus, C. carbonum, A. solani, and A. kikuchiana used in this study were procured from Agricultural Culture Collection of China (30009, 38960, 36023, and 36136) . These strains were confirmed by sequence analysis of 5.8S rRNA and grown on PDA at 25 °C.
The maize inbred line B73, which was used as the susceptible host for S. turcica infection, was grown in artificial climate chambers under long-day conditions (16 hr light/8 hr dark). The temperature within the chambers during maize growth was maintained at 25 °C during the light period and 18 °C during the dark period. The temperature was kept at 25 °C when the maize leaves were inoculated with S. turcica.
| Generation of StATR RNAi mutants
StATR RNAi constructs were derived from the pSilent-1 vector following standard procedures with modifications according to the targeted sequences for StATR, as described previously (Nakayashiki et al., 2005; Zhang et al., 2012; Gu et al., 2014) . Two different sites in StATR mRNA were selected to design the hairpin structure for StATR silencing. Sense and antisense sequences for target site 1 were amplified using the primer pairs RNAi-F1/ RNAi-F2 and RNAi-R1/RNAi-R2, respectively, and 01-23 cDNA as the template. For target site 2, the primer pairs RNAi-F3/RNAi-F4 and RNAi-R3/RNAi-R4 were used. The amplified fragments were inserted into pSilent-1 vectors to generate two StATR silencing constructs, pSilent-1-ATRi#1 and pSilent-1-ATRi#2 (the details are shown in Figure S5 ). All primers used in this study are listed in Table S1 . The constructs were transformed into protoplasts of S. turcica 01-23 strain following the standard protocol described in our previous study (Zhang et al., 2012) . The RNAi transformants were screened on PDA containing hygromycin and confirmed by PCR detection of the hph gene and real-time qPCR. The StATR RNAi#21 transformant was obtained by transformation using pSilent-1-ATRi#1 constructs and StATR RNAi#40 was derived from pSilent-1-ATRi#2 constructs.
| Appressorium formation and plant infection assays
Appressorium development was induced in vitro on an artificial cellophane film using an adaptation of a previously described method (Shen et al., 2013; Gu et al., 2014; Ma et al., 2017) . Droplets of 25 μl mycelial or conidial suspension with/without the indicated reagent were incubated on cellophane at 25 °C in the dark. Germination of mycelia and the formation of appressoria were observed at the indicated time points under a microscope.
Maize lesions and appressorium development on leaves were observed using a plant infection assay as described previously with minor modifications (Ma et al., 2017) . Droplets of 100 μl mycelial or conidial suspension with/without the indicated reagent were spread onto maize leaves of inbred B73 lines in artificial climate chambers under long-day conditions at 25 °C. Leaves were collected before the appearance of early lesions to monitor appressorium formation using a microscope. Data were obtained from triple independent replicates.
| Melanin extraction and analysis
Intracellular melanin was extracted from 0.1 g dried mycelia of the indicated strains and quantified using a previously described method with minor modifications (Spanu, 1998) . Spores collected from the indicated strains were cultured in flasks containing 100 ml potato dextrose broth (20% potato, 2% glucose) at 25 °C with shaking at 110 rpm for 24 hr, followed by addition of 10 mM HU if not indicated elsewhere. The strains were cultured for an additional 4 days. The cultures were then boiled for 5 min and pelleted by centrifugation (12,000 g, 10 min). After washing, the mycelial pellet was dried, and 0.1 g dried mycelia was used for the following steps. The pigment was extracted by autoclaving the dried mycelia at 121 °C with 20 ml (1 M) NaOH for 20 min. The alkaline pigment extract was then acidified to pH 2 with HCl to precipitate the melanin. The precipitate was washed in distilled water, dried overnight, and dissolved in 3 ml (1 M) NaOH. The relative content of melanin was determined by measuring absorbance at 400 nm as described in our previous studies (Shen et al., 2013; Ma et al., 2017) .
| RNA extraction and real-time qPCR analysis of gene expression
Total RNA was isolated using a Fungal RNA Kit (Omega) and purified with RNase-free DNase Set (Sangon) following the manufacturer's instructions. RNA was quantified using Eppendorf Bio Photometer Plus. Total RNA was reverse transcribed to complementary DNA (cDNA) using M-MLV reverse transcriptase (Promega) according to the manufacturer's instructions. Gene expression was measured by real-time qPCR with SYBR Green I (Takara) using the IQ5 real-time system (BioRad) following the protocol described previously (Gu et al., 2014) . Data were analysed using the 2 −ΔΔCt method with β-tubulin as an internal control (Bustin et al., 2009) . All assays were performed in three independent replicates and expressed as the mean ± SEM.
Data were analysed using GraphPad Prism v. 5.0 software. Primers for each gene used in real-time qPCR are listed in Table S1 .
Genetic information for each gene was obtained by BLAST searching in the S. turcica database (http://genome.jgi.doe.gov/Settu 1/Settu1.home.html) using the query homolog gene in S. cerevisiae from the Saccharomyces Genome Database (https ://www.yeast genome.org/). Information for the genes examined in this study is listed in Table S2 .
| Electrophoretic mobility-shift assay
An electrophoretic mobility-shift assay was performed to assess the binding of StMbp1 to the AtPKS promoter using an adaptation of a previously reported method with some modifications (Zheng et al., 2019) . The DNA sequence used in the electrophoretic mobility-shift assay was a fragment of 500 bp in the AtPKS promoter. This fragment was amplified using the primer pair PKS-promoter-F/R and 01-23 genomic DNA as the template. The full-length cDNA of the StMBP1 gene was cloned into the pGEX-6P-3 vector using the primer pair MBP1-GST-F/R. The primer sequences are listed in Table S1 .
GST-StMbp1 and GST alone were expressed in E. coli BL21 and purified by affinity chromatography using glutathione-sepharose beads according to the manufacturer's protocol (GE Healthcare). Each binding reaction mixture (20 μl final volume) for the electrophoretic mobility-shift assay contained the indicated concentration of GST-StMbp1 or GST, 0.5 μg AtPKS promoter DNA, and 1 × binding buffer (50 mM Tris-HCl pH 7.8, 50 mM NaCl, 1 mM EDTA, 0.05% NP-40, and 2.5% glycerol). Reaction mixtures were incubated at 25 °C for 15 min and then loaded onto 1% agarose gels to separate free and bound DNA. The DNA on the gel was detected using ethidium bromide dye.
| Recombinant proteins binding assay and GST pull-down assay
GST-StCds1 and GST-StNrm1ΔC were expressed in E. coli BL21 and purified by affinity chromatography using glutathione-sepharose beads according to the manufacturer's protocol (GE Healthcare).
Recombinant StCds1 was released by cleaving the GST moiety with
Pre-Scission protease according to the manufacturer (GE Healthcare).
GST-Nrm1ΔC-glutathione-agarose beads were incubated with about 20 ng/μl recombinant StCds1 in 1 ml binding buffer (50 mM Tris-HCl, pH 7.8, 50 mM NaCl, 1 mM EDTA, 0.05% NP-40, 2.5% glycerol) at 25 °C for 15 min. After reaction, beads were washed three times with binding buffer and protein-protein interaction was checked by SDS-PAGE followed by Coomassie blue staining.
GST pull-down assay was used to identify physical interaction between recombinant GST-StMbp1 and StNrm1. Native extracts from wild-type S. turcica cells were incubated at 4 °C for 1 hr with GST-StMbp1-glutathione-agarose beads or GST-glutathioneagarose beads. After three washes, the associated proteins were released by boiling the samples in Laemmli buffer and separated by SDS-PAGE. The proteins in the gel were stained by silver staining and detected by mass spectrometry analysis.
| Yeast two-hybrid and yeast one-hybrid assays
The Gal4-based Matchmaker yeast two-hybrid system (Clontech) was used to investigate the interactions of StCds1 with StNrm1 and StNrm1 with StMbp1, according to the manufacturer's instructions.
The indicated full-length cDNAs were subcloned to fuse the GAL4 activation domain (AD) in the pGADT7 vector or the GAL4 DNAbinding domain (BD) in pGBKT7. The corresponding constructs were co-transformed into S. cerevisiae AH109. The protocol used was described previously (Zeng et al., 2018) .
Matchmaker one-hybrid system (Clontech) was used for the yeast one-hybrid assay to analyze the interaction between the transcription factor StMbp1 and the promoter DNA of the StPKS gene according to the manufacturer's instructions. The StPKS promoter fragment (−738 to −238) was inserted into the pAbAi vector as reporter (the promoter sequence is listed in Text S1). The reporter vectors were linearized at the BstBI site and transformed into S. cerevisiae Y1HGold strain. The full-length cDNA of StMBP1 was cloned into the pGADT7 vector as effector and transformed into the Y1HGold strain containing the indicated reporter vectors. The yeast one-hybrid assay was performed according to the manufacturer's protocol (Clontech). The primers used for yeast hybrid constructs are listed in Table S1 .
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